Introduction {#sec1}
============

The gram positive, opportunistic pathogen *Staphylococcus aureus* is considered to be a serious health menace due to its propensity to cause a plethora of infections, both in healthcare and community settings and the alarming pace with which it develops resistance to antibiotics \[[@cit0001]-[@cit0003]\]. Immunological interventions have been long sought to combat *S. aureus* infections due to the wide spread of multidrug resistant forms such as methicillin-resistant *Staphylococcus aureus* (MRSA) \[[@cit0004]\]. But the pursuit of a vaccine against *S. aureus* for more than two decades has not yet proven successful \[[@cit0005]\]. Many antigens were tried as vaccine candidates, but none of them translated into a completely protective vaccine \[[@cit0006]\].

It is postulated that an antigen with the ability to induce cell-mediated immune responses along with humoral immunity would be the key to develop a vaccine against *S. aureus* \[[@cit0007]\]. CD4^+^ T cells are critical in resolving a bacterial infection owing to their ability to produce cytokines, which can enhance the bactericidal activity of neutrophils and macrophages \[[@cit0008], [@cit0009]\]. While it has been difficult to correlate the presence of high titer of staphylococcal antibodies with the clinical outcome of an infection \[[@cit0010], [@cit0011]\], lack of cellular immunity has been consistently correlated with increased risk of *S. aureus* infections \[[@cit0012]-[@cit0014]\]. Adoptive transfer of activated CD4^+^ T cells protected mice from a lethal dose of *S. aureus* but neither B-cells nor antibodies were protective \[[@cit0015]\]. For these reasons, there has been a growing interest in the identification and evaluation of CD4^+^ T cell antigens from *S. aureus.*

Lawrence *et al*. identified a set of proteins with the ability to activate CD4^+^ T cells from *S. aureus* in outbred cattle by applying a reverse vaccinology approach \[[@cit0016]\]. Among the most promising proteins identified by them was an alkaline shock protein 23 (Asp23). Asp23 (SAOUHSC_02441), a member of the Pfam DUF322 family of proteins, was first identified in *S. aureus* as a 23 kDa protein that is significantly enhanced upon a pH upshift from 7 to 10 \[[@cit0017]\]. Later the gene coding for Asp23 was shown to be under the control of the alternate sigma factor of RNA polymerase, σB, which is a global regulator of virulence genes is *S. aureus* \[[@cit0018], [@cit0019]\]. Asp23 was also found to be the most abundant protein in growing cells of *S. aureus* with a copy number of around 25,000 per cell \[[@cit0020]\]. Asp23 was recently identified to be a membrane associated protein anchored to the cell membrane by the Asp23 membrane anchoring protein (AmaP). The protein was also suggested to have a role in cell membrane homeostasis \[[@cit0021]\].

The ability of Asp23 to act as a CD4^+^ T cell antigen, its relative abundance in growing cells, its possible role in the stress response and the subcellular localization make it an attractive vaccine candidate. In the present study, we have evaluated the immunogenicity and protective efficacy of a recombinant alkaline shock protein 23 (rAsp23) in a murine model. Alkaline shock protein was cloned and purified from *E. coli* under non-denaturing conditions. The purified protein was then used to immunize BALB/c mice. The immunized mice were challenged with a lethal dose of *S. aureus*. The results obtained suggest that rAsp23 is highly immunogenic in a mouse model and can protect mice from a lethal dose of *S. aureus.*

Material and methods {#sec2}
====================

Bacterial strains, plasmids and culture conditions {#sec2.1}
--------------------------------------------------

*Staphylococcus aureus* strain NCTC3750 (MTCC No: 3160) was purchased from the Microbial Type Culture Center and Gene bank (MTCC), Chandigarh, India. *S. aureus* subsp. aureus TCH1516 (ATCC No: BAA1717, USA300 community acquired MRSA) was purchased from ATCC. Bacteria were cultured in Tryptone Soya agar (TSA) or in broth at 37°C. *E. coli* strains AB5α and BL21 (DE3) were routinely cultured on Luria Bertani (LB) agar or in broth at 37°C. pJET1.2 (Fermentas) and pET28a (+) (Novagen) were used as vectors for cloning and expression. After transformation with pJET, DH5α was grown in LB medium supplemented with 100 μg/ml of ampicillin. After transformation with pET28a (+), BL21 (DE3) was grown in LB medium supplemented with 35 μg/ml of kanamycin.

Cloning of recombinant asp23 {#sec2.2}
----------------------------

Genomic DNA was isolated from *S. aureus* NCTC3750 using the bacterial DNA purification kit following the manufacturer's instructions (Bangalore Genei, India). The nucleotide sequence of the gene was retrieved from NCBI. Primers were designed such that the amplification product contains restriction sites for Nco I and Xho I at the 5' and 3' ends, respectively. The primers used were *asp23*F (5'GTTAGTCCATGGGCATGACTGTAGATAACAAT-3') and *asp23*R (5'-GCAGATCTCGAGTTGTAAACCTTGTCTTTC-3'). The gene was amplified by PCR in a thermal cycler (Master cycler, Eppendorf) using standard PCR conditions. The PCR product was then ligated to the sequencing vector pJET1.2 in a standard ligation reaction. The recombinant plasmid was used to transform *E. coli* DH5α. Positively transformed colonies were identified using colony PCR with gene-specific primers. The sequence of the gene insert from a positively transformed colony was determined using automated Sanger sequencing in a sequence analyzer (Model No. 3730, Applied Biosystems). After confirmation of the sequence, the gene was isolated using double restriction digestion with Nco I and Xho I followed by gel extraction of DNA. The expression vector pET28a was also double digested with Nco I and Xho I. The gene was then ligated to pET28a and transformed into *E. coli* DH5α. Positively transformed colonies were identified using colony PCR with gene-specific primers. The vector with the insert was subsequently transformed into *E. coli* BL21 (DE3).

Expression and purification of recombinant Asp23 {#sec2.3}
------------------------------------------------

The conditions for optimum expression and purification of Asp23 were determined empirically. For expression 250 ml of LB broth was inoculated with 1% of cells grown overnight from a single transformed colony. The bacterial culture was grown until the optical density (OD) at 600 nm reached 0.4. The culture was induced for the production of the protein by the addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The cells were collected 6 hours after the addition of IPTG by centrifugation (4000 × g, 4°C, 20 min). The pellet was resuspended in lysis buffer containing 50 mM NaHPO~4~, 300 mM NaCl and 10 mM imidazole (pH 8) and lysed by sonication. Soluble and insoluble fractions were separated by centrifugation (6000 × g, 4°C, 30 min) and analyzed by SDS-PAGE. The protein was purified from the soluble fraction using immobilized metal ion affinity chromatography (IMAC) under non-denaturing conditions. Briefly, the clarified lysate was loaded on a column containing nickel-iminodiacetic acid (Ni-IDA) resin equilibrated with the lysis buffer. The column was washed with a solution containing 50 mM NaHPO~4~, 300 mM NaCl and 20 mM imidazole (pH 8). The protein was eluted using a solution containing 50 mM NaHPO~4~, 300 mM NaCl and 250 mM imidazole (pH 8). The eluate was dialyzed in phosphate buffered saline (pH 7.4) for 48 h with buffer changes at every 12 h interval. The purity of the protein was determined using SDS-PAGE.

Mass spectrometric analysis {#sec2.4}
---------------------------

In order to confirm that the protein purified was Asp23, MS-MS analysis was performed. Basic mass analysis and protein identification was performed using MALDI-TOF/TOF at the Mass Spectrometry and Proteomic Core Facility, Rajiv Gandhi Centre for Biotechnology (RGCB), Kerala, India.

Immunization and lethal challenge {#sec2.5}
---------------------------------

All animal experiments used in this study were approved by the Institutional Animal Ethics Committee (IAEC) with approval number KULS/IAEC/2013/11. All the experiments were carried out according to the provisions of the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Ministry of Environment, Forests and Climate Change, Government of India.

Six-week-old female BALB/c mice (*n* = 12) were divided into two groups of 6 mice each. One group (test group) was administered with 50 μg of the recombinant protein emulsified in 200 μl of complete Freund's adjuvant intraperitoneally on day zero. A booster dose containing 50 μg of the recombinant protein emulsified in Freund's incomplete adjuvant was administered on day 21. The other group (control group) received an equal volume of phosphate buffered saline (PBS) emulsified in the adjuvant on days 0 and 21. Blood samples were collected from both the groups on days 21, 35 and 42 after the first immunization by tail vein bleeding. The serum was separated by centrifugation and stored at --20°C for determination of antibody titer. On day 42 both the groups were challenged with 3 × 10^9^ CFU of *S. aureus* TCH1516.

Determination of antibody titers {#sec2.6}
--------------------------------

The titers of the antibodies immunoglobulin (Ig) G, IgG1 and IgG2a in the mice sera were determined using indirect ELISA. Briefly, a 96-well microtiter plate was coated with 1 μg of the recombinant protein in 200 μl of coating buffer (carbonate-bicarbonate buffer, 0.1 M, pH 9.3) and incubated overnight at 4°C. Unbound protein was washed out using PBS containing 0.05% Tween-20 (PBS-T). The wells were blocked with 400 μl of blocking buffer containing 5% BSA in PBS (pH 7.4) for one hour at room temperature. The wells were washed with PBS-T. The plates were incubated with serially diluted mice sera for one hour at room temperature. The serum was removed and the plates were washed with PBS-T. Bound immunoglobulin was detected by incubating the plate with rabbit anti-mouse IgG conjugated with horseradish peroxidase (HRP) (Invitrogen) diluted 1 : 2000 in PBS-T, for 1 hour at room temperature. After washing the plates three times with PBS-T, 200 μl of TMB/H~2~O~2~ was added to each well and incubated in the dark for 20 minutes. The reaction was stopped by adding 50 μl of 2N H~2~SO~4~. The absorbance was read at a wavelength of 450 nm using a microplate reader (Model 680, Bio-Rad).

The antibody isotypes IgG1 and IgG2a were also detected using the same method as described above with some modifications. To detect IgG1 the plate was incubated with rat anti-mouse IgG1 conjugated with HRP (Invitrogen) diluted 1 : 1000 in PBS-T. To detect IgG2a the plate was incubated with rabbit anti-mouse IgG2a conjugated with HRP (Invitrogen) diluted 1 : 1000 in PBS-T.

Statistical analysis {#sec2.7}
--------------------

Statistical analysis was performed using the two-sample independent *t* test. *P* values \< 0.05 were considered significant. All the graphing and statistical analysis were performed using OriginPro 8 software.

Results {#sec3}
=======

Asp23 was expressed and purified under non-denaturing conditions {#sec3.1}
----------------------------------------------------------------

The *asp23* gene was isolated from *S. aureus* NCTC3750 by PCR ([Fig. 1A](#f0001){ref-type="fig"}). The sequence of the gene was verified using Sanger sequencing. The sequence of *asp23* from NCTC3750 is deposited in the GenBank database under the accession number KF809672. The recombinant plasmid PET28a (+) -- *asp23* was constructed and used to transform into *E. coli* BL21 (DE3). The construct showed robust induction of *asp23* following treatment with 1 mM IPTG at 37°C for 4 hours ([Fig. 1B](#f0001){ref-type="fig"}). Sonication of the induced cells followed by centrifugation and SDS-PAGE analysis revealed that a significant amount of the recombinant protein was present in the supernatant. Hence the protein was purified under non-denaturing conditions on a Ni-IDA column. The purified protein showed \~95% purity on SDS-PAGE ([Fig. 1C](#f0001){ref-type="fig"}). MALDI-TOF analysis of the protein revealed that the purified protein had a molecular mass of \~20 kDa ([Fig. 1D](#f0001){ref-type="fig"}). Furthermore, four peptides identified using peptide mass fingerprinting (PMF) matched the sequence of Asp23 with 48% sequence coverage (data not shown). Based on these results it was confirmed that the protein purified was Asp23.

![Cloning, expression, purification and identification of Asp 23. The \~507 bp Asp 23 gene was cloned into pET 28a (+) vector, expressed in *E. coli* BL21 (DE3), purified by IMAC and the protein was identified using MALDI-TOF. **A**) Isolation of Asp 23 gene by PCR. Lane 1, DNA marker; Lane 2, amplified *asp23*. **B**) Expression of *asp23* in *E. coli*. Lane 1, supernatant from non-induced bacteria; Lanes 2-4, Supernatant from bacteria induced for expression of *asp23* by addition of IPTG; Lane 5, Protein marker. **C**) Asp23 after IMAC purification. Lane 1, Purified Asp23; Lane 2, Protein marker. **D**) Spectrum obtained from MALDI-TOF analysis to determine the molecular mass of purified Asp23](CEJI-43-81348-g001){#f0001}

Asp23 induced a strong antibody responses in BALB/c mice {#sec3.2}
--------------------------------------------------------

The rAsp23 specific antibody responses were determined from the sera obtained from mice belonging to the test and the control groups on days 21, 35 and 42 after initial immunizations using indirect ELISA. Results represented in [Fig. 2A](#f0002){ref-type="fig"} clearly demonstrated that the IgG responses in mice inoculated with rAsp23 were significantly higher than that in mice inoculated with PBS in the day 21 (*p* \< 0.01), day 35 (*p* \< 0.001) and day 42 (*p* \< 0.001) serum. In order to reveal the type of immune response generated, the levels of antibody subclasses IgG1 and IgG2a in the sera were also determined. Both IgG1 and IgG2a levels were significantly higher (*p* \< 0.01) in mice inoculated with rAsp23 compared to the control group, as represented in [Fig. 2B](#f0002){ref-type="fig"} and [2C](#f0002){ref-type="fig"} respectively. The results also showed that the levels of IgG1 were higher than the levels of IgG2a. The serum antibody titers on days 21, 35 and 42 of the three classes of IgG were calculated from the ELISA data. The titers are shown in [Table 1](#t0001){ref-type="table"} and represented in [Figure 2D](#f0002){ref-type="fig"}. The antibody titers of all three antibody types increased after the booster immunization.

###### 

Mean antibody titers induced by rAsp23

  Days after immunization   Antibody titer              
  ------------------------- ---------------- ---------- -------
  Day 21                    3200             8000       1400
  Day 35                    25600            23466.67   9600
  Day 42                    25600            25600      12800

![Antibody responses induced by rAsp23. The antibody responses induced by rAsp23 in BALB/c mice were determined using indirect ELISA. **A**) Levels of IgG on days 21, 35 and 42 in mice inoculated with rAsp23 and PBS. **B**) Levels of IgG1. **C**) Levels IgG2a (**D**) Log titers of IgG, IgG1 and IgG2a in test and control groups\#. The error bars in each case were generated from 6 mice; asterisks represent statistical significance of differences in antibody responses of test mice compared to control mice (\**p* \< 0.01, \*\**p* \< 0.001)\
\#Antibody titers were calculated as the reciprocal of the highest serum dilution that gives an OD value greater than the cutoff OD. The cutoff OD at 450 nM was calculated as the mean of control (mice injected with PBS) values + 3 × standard deviation of the control values](CEJI-43-81348-g002){#f0002}

Asp23 protects BALB/c mice from a lethal dose of *S. aureus* USA300 {#sec3.3}
-------------------------------------------------------------------

In order to analyze the protective efficacy of rAsp23 in BALB/c mice, both groups of mice were inoculated with a lethal dose of *S. aureus* USA300 three weeks after the second immunization. The mice were monitored for 7 days after infection. Half of the mice in the PBS administered group died within 24 hours after infection. All of the mice in this group died within 2 days after infection. In contrast, all of the mice that received rAsp23 survived the lethal challenge at the end of 7 days. This result indicates that the antibody response generated by rAsp23 is protective against lethal dosage of *S. aureus* ([Fig. 3](#f0003){ref-type="fig"}).

![Protective efficacy of rAsp23 against *Staphylococcus aureus* TCH1516 in BALB/c mice (Data represent observations from three independent experiments in groups of 6 mice each)](CEJI-43-81348-g003){#f0003}

Discussion {#sec4}
==========

With its ability to develop resistance against virtually all antibiotics developed so far, *S. aureus* has become the organism least susceptible to chemotherapy. The pathogen developed resistance to methicillin, vancomycin and linezolid shortly after the introduction of each of these antibiotics \[[@cit0003]\]. Worsening the scenario, methicillin-resistant strains previously restricted to hospital settings have now emerged in the community settings \[[@cit0022]\]. Vaccination has been long envisaged as a promising therapeutic alternative to check the spread of multidrug-resistant *S. aureus* both in the hospital and community settings. Polysaccharide and protein antigens tried as vaccines so far did not prove to be completely protective in human trials \[[@cit0023]\]. A conjugate vaccine containing purified capsular polysaccharides CP5 and CP8 \[[@cit0024]\], Clumping factor A (ClfA) \[[@cit0025]-[@cit0027]\] and Iron surface determinant protein A (IsdB) \[[@cit0028]\] underwent clinical evaluation for vaccine efficacy but proved to be unsuccessful. Based on the clues obtained from earlier clinical trials and the knowledge about the host responses against *S. aureus*, it was proposed that antigens with the ability to activate CD4^+^ T cells would be the key to the development of an *S. aureus* vaccine \[[@cit0004]\]. In the present study we analyzed the immunogenicity and protective efficacy of Asp23, an antigen hitherto identified as a CD4^+^ T cell antigen. Asp23 is not a structurally and functionally characterized protein, although it is expected to play a role in the survival of *S. aureus* under alkaline stress \[[@cit0017]\]. *S. aureus*, an opportunistic commensal of the human skin, is known to establish an infection once it gains access to the tissues through wounds and abrasions \[[@cit0029]\]. Chronic non-healing wounds have an elevated alkaline pH compared to the surrounding skin \[[@cit0030]\]. Hence it can be suspected that Asp23 plays a role in the survival of *S. aureus* in wounds. Moreover, there are reports showing that the gene for Asp23 is under the control of the global regulator of virulence σB \[[@cit0018], [@cit0019]\]. Taken together, there are reasons to assume that Asp23 is an essential virulence factor of *S. aureus* and hence an attractive vaccine candidate.

Asp23 was expressed and purified in its native form and used to immunize BALB/c mice. Indirect ELISA to quantify the protein specific antibodies in mice sera showed that there were significantly higher amounts of IgG in the mice immunized with rAsp23 compared to PBS-treated mice (*p* \< 0.01) in all the three serum samples analyzed. The statistical significance of the difference in serum IgG1 concentrations between the test and control mice improved after the administration of a booster dose of rAsp23 three weeks after the initial immunization. The *p* value for the day 21 serum was less than 0.01 (*p* \< 0.01), but in the day 35 and 42 serum it was less than 0.001 (*p* \< 0.001). In order to understand the type of antibody response involved, the subclasses of IgG, IgG1 and IgG2a were also measured in the sera. Serum titers of antigen specific IgG1 and IgG2a were significantly higher in the test group compared to the control group (*p* \< 0.01). Moreover, the titers of IgG1 and IgG2a increased significantly after the administration of the booster dose in test mice compared to the control mice. Although rAsp23 induced both IgG1 and IgG2a, the levels of IgG1 were higher compared to IgG2a. In mice, IgG1 is associated with a Th2-type response while the induction of IgG2a is associated with a Th1-type response \[[@cit0031]\]. The optimal scenario for the clearance of a bacterial infection in humans is believed to be a well-balanced Th1 and Th2 response \[[@cit0032]\]. To check the protective efficacy of the antibody responses elicited by rAsp23, the immunized mice and the control groups were simultaneously challenged with a lethal dose of *S. aureus*. The challenge dose was administered on day 42 when the serum antibody titers against the protein were at the maximum, as shown in [Fig. 2D](#f0002){ref-type="fig"}. Seven days after the challenge all the mice immunized with rAsp23 survived while all the control mice succumbed to the infection. Although more studies are required to understand the mechanism of the protection afforded, this result clearly demonstrated that Asp23 induces protective antibody responses against *S. aureus* infection in mouse models. The crystal structure of the protein Asp23 has not yet been deciphered. Moreover, the exact function of the protein *in vivo* remains elusive. Data from such studies would help to derive a better understanding of the role played by Asp23 in *S. aureus* pathogenesis. Such insights would possibly lead to a better explanation of the protective immune response observed in the present study. Nevertheless, the data presented here show that Asp23 is a promising vaccine candidate that can be used alone or in combination with other potential antigens as a preventive therapeutic against *S. aureus.*
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